Radiat ive double electron capture (RDEC), the one-step process occurring in ion-atom collisions, has been investigated for bare fluorine ions collid ing with carbon. RDEC is completed when two target electrons are captured to a bound state of a projectile s imu ltaneously with the emission of a single photon. This work is a follow-up to our earlier measurement of RDEC for bare o xygen projectiles, thus providing a recipient system free of electron-related Coulo mb fields in both cases and allowing for the compar ison between the two collision systems as well as with available theoretical studies. The most significant mechanisms of xray emission that may contribute to the RDEC energy region as background processes are also addressed.
I. INTRODUCTION
The one-step process of radiative electron capture (REC) [1, 2] occurs when a loosely-bound target electron is captured into projectile and can be treated as the timereversed process of photoionization (PI) [3] . Measurement of REC into bare ions [2] offers a clean method for exploration of photoionization of H-like ions, allowing for observation of the γ-e interaction in its purest form. Similarly, double photoionization (DPI) [4] can be studied by the investigation of the time -reversed process of radiative double electron capture (RDEC) by bare projectile ions in collisions with atoms. Accordingly, RDEC is a onestep process in ion-atom collisions occurring when two target electrons are captured to a bound state of the projectile during a single collision with the simultaneous emission of a single photon. The emitted photon has approximately double the energy of the photon emitted due to REC. RDEC was first predicted by Mirag lia and Gravielle [5] and has been addressed over more than two decades theoretically [6] [7] [8] [9] [10] [11] [12] and experimentally [13] [14] [15] [16] [17] [18] . Using bare ions as projectiles in the RDEC experiments allo ws the target electrons to be transferred without interaction with projectile electrons, enabling accurate investigation of the electron-electron interaction during the process. Thus, studying RDEC into bare projectiles provides a means to obtain a proper description of the twoelectron wave function in the project ile continuum.
To optimize for the best experimental conditions under which RDEC can be observed, solid targets were chosen in nonrelativistic collisions to obtain the highest rates of double-electron capture [13] . So lid-state targets were also proposed theoretically in slow collisions with mult icharged ions [7] where valence electrons behave as quasifree particles with a characteristic velocity considerably smaller than that of the projectile even for ~1 MeV/u collisions.
Such comparisons, in addition to the theoretical predictions [7, 8] suggesting projectiles of moderate Z for lower-energy collisions, were the motivation to conduct the RDEC experiments under these conditions.
II. KINEMATICS

A. REC
The peaks of REC and RDEC have widths broader than the peaks of the characteristic x rays and defined by the Compton profile of the target electrons [19] , which describes the mo mentu m distribution of the bound electrons within the target atom. This mo mentum is the projection of the intrinsic mo mentum vector of the bound electron on the collision axis, defined by the direction of the projectile velocity. The Compton-profile width increases with the increase of the atomic nu mber and the magnitude of the electron binding energy. Hence, the distribution becomes broader for heavier targets and for the capture of inner-shell electrons. REC is completed when a target electron is captured to a projectile bound state with the simultaneous emission of a photon of energy REC  as shown in Fig.  1(a) . The photon energy is determined in the nonrelativistic domain [20] fro m the conservation of energy by
where e K is the kinetic energy of the captured target electron as calculated in the rest frame of the projectile, while t B and p B are negative values, by convention, denoting the binding energies of the target electron before and after being captured, respectively. The quantities p  and z p designate the projectile velocity, which is the same as the velocity of the captured target electron in the rest frame of pro jectile and the projection of the intrinsic mo mentu m vector of the bound target electron on the collision axis Z, which is defined by the direction of the projectile velocity, respectively. REC peaks shift to lower energies as the projectile velocity decreases.
More than forty years before REC was observed [1, 20] , a reliable theoretical prediction of the total radiative recomb ination (RR) cross section was derived by Stobbe [21] and later estimated by Bethe and Salpeter (B-S) [22] .
The K-REC cross section 1 1s REC  will be equal to that for RR if the captured electron is loosely bound. The B-S formula is given for a bare nucleus and per target electron within the non-relativistic dipo le appro ximation by
exp 4 tan 1 9.16 10 1 exp 2 1
where  is the So mmerfeld parameter defined [8] by
where ep p is the average mo mentum of the target electron after being captured and e p is the mo mentum of the target electron while being captured, both to the projectile K shell in its rest frame. 
where ep  is the average velocity of the target electron after being transferred to the projectile K shell. The angular distribution of K-REC as described by its differential cross section within the dipole approximat ion in nonrelativistic collisions is given in Ref. [23] 
where  is the x-ray observation angle with respect to the beam direct ion. 
B. RDEC
During RDEC, the photon is emitted simu ltaneously with the capture of two bound target electrons into projectile bound states as illustrated in Fig. 1(b) . The energy of the emitted photon is then given by
(1)
2
,
where the indices (1) and (2) The two captured electrons experience a mutual Coulo mb repulsion, while the emitted photon satisfies the law of energy conservation between the initial and final states of the collision partners. The target electrons can be captured fro m the same orbit or from two different orbits to the projectile K shell (KK-RDEC) or to both the K and L shells (KL-RDEC). RDEC can also occur by capture of both electrons to the L or higher shells, but this is not seen due to the considerably lower energy of the photon emitted. In the present work the RDEC photon with the lowest energy is expelled when two K-shell target electrons are captured to the projectile metastable state 1s 1 2s 1 , wh ile the photon of highest energy is released if two valence (L-shell) target electrons are captured to the projectile ground state 1s 2 . The angular distribution of RDEC photon emission has not been reported yet in the literature, but it is assumed to be the same as that for REC photons given by Eq. ( 5) [23] .
Attempts to observe RDEC at the GSI accelerator facility in Darmstadt [13, 14, 18] did not result in the observation of RDEC. This was presumably due to the poor statistics of the data collected in the limited beam time devoted to the measurements and also to the background processes. Although RDEC was not seen, an upper limit of the KK-RDEC cross section during two experiments [13, 14] was deduced, while the corresponding cross -section ratios of RDEC/ REC and KL-RDEC/KK-RDEC were calculated based on various theoretical predictions [5] [6] [7] [8] 46] . A mid-Z project ile of nonrelativistic energy was used for the first attempt to observe RDEC for 11.4 MeV/u Ar 18+ + C [13] and a deduced upper limit of 5.2 mb/atom was in fair agreement with the theories from Refs. [6, 7] . The relativ istic heavy-ion collision system of 297 MeV/u U 92+ + Ar [14] was chosen for the second attempt to measure RDEC for which a deduced upper limit of 10 mb/atom was found to be two orders of magnitude lower than the relativ istic prediction fro m Ref. [6] and two orders of magnitude higher than the prediction from Ref . [7] . A third unsuccessful attempt to observe RDEC was performed using the collision systems of 30 MeV/u Cr 24+ + He and N 2 with a detection lo wer limit of 10 -4 mb/atom [18] . The first successful observation of RDEC was reported for the collision system of 2.38 MeV/u O 8+ + C [15] . In the present work an evidence for RDEC is reported for the collision system of 2.21 MeV/u F 9+ + C. It is noted that two preliminary publications of this work have already been presented [16, 17] . In this work, a different approach of data analysis is used and corrections are made that affect the obtained cross sections, giving the best estimate of the RDEC cross sections for F 9+ + C collisions. The present measurements are compared with those of the previous experimental [15] and theoretical [6] [7] [8] 12 ] studies. The most important background processes that can overlap with the desired processes were also investigated.
C. B ackground Processes
In the present study, several background processes may contribute to the x-ray spectra and overlap with the REC and RDEC events of interest. Possible contributions from electron-nucleus (e-n) bremsstrahlung [24] , nucleusnucleus (n-n) bremsstrahlung, also called nuclear bremsstrahlung (NB) [25, 26] , electron-electron (e -e) bremsstrahlung [27] , the two-step process of uncorrelated double radiative electron capture (DREC) [28] , and pileup are considered in the analysis of the observed x rays. Considering these background processes enables extract ion of the RDEC contributions more accurately fro m the singles x rays and ensures that their contribution to the energy domain of interest is properly estimated.
Of the background processes, e-n bremsstrahlung radiation do minates and is emitted when an electron scatters from an ion and suffers a speed reduction due to the Coulo mb interaction between the incoming electron and the nucleus. By the conservation of energy a photon is emitted with an energy equal to the loss in electron kinetic energy. Assuming that all incident electrons have the same kinetic energy and due to the different impact parameters of incident electrons, not all the electrons are decelerated to the same degree, which results in a continuous range of xray emission. Soft x rays are emitted in the case of large impact parameters, wh ile hard x rays correspond to small impact parameters. The captured electron in ion-atom collisions can encounter various mechanisms of e-n bremsstrahlung in the vicinity of the projectile such as radiative electron capture to continuum (RECC) [29] , radiative ionization (RI) [30, 31] , and secondary electron bremsstrahlung (SEB) [32] .
RECC can be treated as quasi-free electron bremsstrahlung (QFEB) [33] and was first observed by Kien le et al. [20] . During RI, the target electron is not captured to the projectile continuum (QFEB) but ionized away fro m the project ile with simultaneous emission of a photon. If the target electron is ionized and transferred to the projectile continuum then the process is QFEB as a special case of RI. SEB is a two-step process and occurs if a target electron is ejected by projectile impact and then scattered by the Coulomb field of another target nucleus. However, SEB was found to be less important for low-Z targets such as Be and C [34] based on the cross section calculated fro m the Koch bremsstrahlung formula [ 24] .
The n-n bremsstrahlung was treated theoretically [25] and first observed for heavy-ion collisions [26] , provided that this emission component is isolated from the other xray emission processes. The e-e bremsstrahlung originates fro m the interaction between the incoming electrons and the bound target electrons. Its contribution was found to be 1/Z of the net bremsstrahlung radiation [35] based on which it can be neglected in the case of high-Z targets. In contrast, the cross section of e-n bremsstrahlung scales closely to Z 2 for unshielded nuclei, while there is no simp le Zdependence for shielded nuclei [36] .
DREC can contribute to the REC energy domain in the spectrum of x rays associated with double capture when two REC photons are emitted due to the capture of two uncorrelated target electrons into the projectile in a single collision. Due to its exceedingly s mall probability [ 28] , DREC has a negligible contribution to the REC events accompanied by nonradiative electron capture (NRC) [ 37] . It is also highly unlikely that DREC contributes to the RDEC energy domain in the double-capture channel when the two DREC photons are emitted in the same direct ion and registered as a single photon of double energy.
In the case of high-beam intensities, the rate of the collisions increases, allowing for an increase in the pileup probability, i.e., the probability to have two ions emitting two photons detected simultaneously and registered as a single photon of double the energy within the RDEC energy domain in the single-capture channel. While pileup as a mechanism applies to any source of x-ray emission, pileup of interest in the present case is that originating from the superposition of two REC photons.
III. EXPERIMENT
This work was performed using the tandem Van de Graaff accelerator facility at Western Michigan University. A bare fluorine beam with energy of 2.21 MeV/u was obtained following the production of negative fluorine ions fro m a source of negative ions by cesium sputtering (SNICS II) and the subsequent acceleration. In addition, a beam of 3 MeV H + fro m the same ion source was used to conduct elemental analysis of the carbon targets utilizing proton-induced x-ray emission (PIXE) measurements.
A 90° analy zing magnet following the accelerator was used to select the desired charge state and energy. that cannot be reached using only the gas stripper at the accelerator terminal. The energy of the F 7+ beam emerg ing fro m the analyzing magnet was slightly reduced after passing through a post s tripper that is 10.0(1.5) μg/cm thick by about 0.3% of the incoming beam energy for the same charge state [38] . A switching magnet then directed the appropriate charge state into the beam line.
The experiment was set up as shown in Fig. 2 , which is similar to the one used for the O 8+ + C experiment [15] . A holder with an Al frame carry ing a target carbon foil of mass areal density of 10.9(1.6) μg/cm 2 was mounted and positioned at 45° to the inco ming beam, corresponding to an atomic target thickness of 7.7(1.1) 10 17 atom/cm 2 . Xray attenuation due to absorption does not appreciably occur for a beam passing at 45° inclination through the thin carbon foil based on attenuation coefficients of 0.33-0.04% for the x-ray energy range of 2-4 keV, respectively [39] . An empty frame was used in one of the target positions so that the background could be determined and to ensure that the emitted x rays orig inate only fro m the collisions with the carbon foils and not, for instance, from the alu minu m frame or any other impurities that might exist on the frame surface. A 2-mm-wide collimator was used to ensure good beam co llimat ion at the target as illustrated in Fig. 2 . Fe radioactive source. Charge-changed projectile ions with charge states q-2, q-1, as well as the charge state q of the primary beam were separated by a dipole analyzing magnet and registered individually by three ion-implanted silicon surface-barrier particle detectors. These charge states occurred in the approximate count ratios of 1.0:18.3:9.2 for q-2, q-1, and q, respectively. Emitted photons were analyzed in coincidence with ions of outgoing projectile charge states q-2, q-1, and q, with the data acquisition system providing the required coincidence techniques to isolate the correlated processes .
IV. RES ULTS AND DISCUSS ION
A. Singles x rays and coinci dence spectra PIXE analysis of the carbon foil target was performed with 3-MeV protons to determine if there is a contribution of x rays fro m impurities in the foil to x rays in the energy domain of interest (up to 5 keV), with the line intensities giving estimates of the impurities percentages in the target. In Fig. 3(a) , the PIXE results are compared with the spectrum of singles x rays . PIXE analysis of the target carbon foil showed evidence for contaminations with Si, S, K, and Ca, wh ile an Al Kα line was measured only in the case of PIXE. The carbon foil was probably contaminated during its floating process, while the Al Kα line is likely caused by the larger scattering angles of the protons than the F 9+ ions (this was calculated to be a ratio of ~1.6) or by a different steering of the proton beam. This will happen if the protons hit the aluminu m frame on which the target carbon foil is mounted as a result of touching the edge of the aperture just prior to the foil.
The characteristic Kα lines of all contaminations come at lower energies in the case of PIXE than that in the case of the F 9+ beam, caused by the shift due to mult iple ionization of the target by incident F
9+
. The shifts are found to be in the range of 15-25 eV per L-shell vacancy [40] , which agrees with measured shifts for the lines Si Kα (~60 eV) up to Ca Kα (~100 eV). X rays resulting from F 9+ + C collisions were measured in coincidence with no-charge change (F . Similar results were found for the q-1 and q-2 channels for O 8+ + C collisions [15] (the q channel was not registered in this work). Th is shows that there is essentially no crossover of the characteristic x rays fro m the F Kα line among the various spectra. Contaminant x rays fro m the target, however, are expected to contribute to all the channels shown in Fig. 3 . The Si and S Kα lines overlap with the K-REC structure, while the low-energy (2.9-4.0 keV) RDEC events overlap with the K and Ca Kα lines as shown in Fig. 3(a) . Calculated energies with uncertainties of the REC and RDEC lines are listed in Table I for the current experiment. channels. REC appears in the F 8+ channel as the normal channel and also appears in the F 7+ channel if t wo target electrons are captured independently to the same projectile, one radiatively (REC) and the other nonradiatively (NRC). Thus, the estimat ion for the probability of having NRC [37] accompanying REC [22] helps avoid underestimat ing the REC cross section by considering the additional events that appear in the double-capture channel. The probability of having NRC and REC acco mpanying each other was found to be 2.1  10 -5 based on a K-REC p robability of 4.1  10 -4
and under the experimental conditions of the current work. It is also likely that some of the K-REC events will appear in the F 9+ channel, which can occur from re-stripping of the F 8+ component of beam in the target foil pro mptly after K-REC is completed. Ho wever, this K-shell ionization has a probability of about one order of magnitude less than th at of L-shell ionizat ion [41] . Since the energy domain of K-REC was dominated by the Si and S Kα lines, taking into account shifts of ~60 eV of each of the two lines due to mu ltip le ionization, the K-REC structure cannot be extracted reliably fro m the data. Instead, the total K-REC cross section was calculated from the Bethe-Salpeter formula [22] as a reliable source for this purpose and found to be 525 b/atom.
C. Analysis of background processes
The collision energy of 2.21 MeV/u for the current experiment corresponds to a kinetic energy of 1.2 keV for a captured target valence electron in the projectile frame. The x-ray contributions from QFEB, SEB, and NB were studied for 2-MeV p rotons incident on carbon [31] , wh ich is about the same as the present collision system. This, along with calculations from Ref. [42] , show that QFEB and SEB are characterized by the maximu m emitted photon energy r T (found to be 1.2 keV) and the maximu m energy transferred fro m a projectile to a free electron at rest m T (found to be 4.8 keV) and are predominant in the photon-energy ranges r T   and rm TT   , respectively. This imp lies that the RDEC energy range of 2.9-4.7 keV does not overlap with QFEB (  1.2 keV), while SEB was found to give a negligible contribution to x rays in the energy range of 1.2-4.8 keV for low-Z targets [34] , such as the carbon target foil used for the this work. RI is of more significance in slow than in fast collisions for which it is hard to derive a scaling rule [30] . A study [31] shows that NB has a very small contribution to the continuous x-ray spectrum compared to the e-n bremsstrahlung processes for x-ray energies ≤10 keV. Another study for the collision system of 1.5 MeV H + + Al [43] shows that NB has a min imu m contribution when the x rays are measured at 90°, such as the case of this work, and in specific, it is concentrated at angles within 10° to the line of the colliding beams [ 44] . The e-e bremsstrahlung is not taken into account in most of the bremsstrahlung measurements due to its small contribution to the total bremsstrahlung emission [35] .
The KK-DREC probability for this work is found to be 2.4 10 -9 based on the cross section given in Table II , as obtained from Ref. [28] , which is five and three orders of magnitude lower than values of the calculated K-REC and the total KK-RDEC cross sections, respectively. This represents a negligible contribution of DREC to the REC and RDEC energy ranges. Considering pileup, the counting rate of photons encountered in the present work was ~4 counts/s as a result of the very low beam intensity used ( 1  pA). Based on the total K-REC cross section of 525 b/atom [22] and the given target thickness, the probability of pileup from REC photons was found to be 1.3 10 -12 , which, co mpared to the total RDEC probability of 7.1(3.6) 10 -6 (based on the total RDEC cross section given in Table II) , imp lies a negligible contribution to the RDEC photons in the single-capture channel and in turn in the double-capture channel when REC acco mpanies NRC.
D. RDEC anal ysis
The double-capture channel (F 7+ ) is the proper channel for the RDEC events to appear. However, following format ion of the F 7+ beam component, one of the two captured electrons can be promptly re-stripped in the remain ing target that the ion passes through, causing the RDEC event to appear in the single-capture channel (F 8+ ). The probability for this stripping when a K-shell electron is ejected, i.e., F 7+ → F
8+
, fo llo wing a KK-RDEC event was calculated to be ~0.39 [45] based on an estimated cross section of 1.0 Mb and the target thickness of the C foil used for the current measurement. Fo r an L-shell electron it is certain (>100%) [45] that it will be re-stripped fro m the F 7+ ions associated with KL-RDEC.
The x rays associated with F 7+ and F 8+ over the entire RDEC energy domain originate fro m KL-RDEC and KK-RDEC as well as a small contribution fro m the high-energy REC tail and contamination lines due to the K and Ca Kα lines where both contributions overlap mostly with KL-RDEC and partially with KK-RDEC as shown in Fig. 3(a) . In order to correct the x-ray spectra associated with F 7+ and F 8+ for these contributions, the K-REC high-energy tail was fitted to the F 7+ and F 8+ spectra as shown in Figs. 4(a,b) , and subtracted fro m each of the two spectra. The singles x rays over the RDEC energy range are largely due to the contamination lines fro m K and Ca (as determined fro m the PIXE analysis) as seen in Fig. 3(a) . The REC high-energy tail was also subtracted from this spectrum, and then the subtracted singles x rays were normalized to an intensity where contamination lines in the singles x rays match the same contamination lines in the x-ray spectra associated with F 7+ and F 8+ as shown in Figs. 4(c,d) . The normalized singles x-ray spectra were subtracted from the F 7+ and F , both with singles x rays normalized to, and superimposed on, each of them, and with the REC h igh-energy tail subtracted fro m the spectra, and (e) sum of the F 7+ and F 8+ x-ray spectra with the normalized singles x rays subtracted from each of them, giving the total RDEC structure (the calculated energies of RDEC lines are indicated in keV for 2.21 MeV/u F 9+ + C).
E. Measured RDEC cross sections
The measured differential KL-RDEC and KK-RDEC cross sections at 90 o for the current collision system are found to be 0.54(0.22) and 0.55(0.33) b/sr.atom, respectively, giving a total differential RDEC cross section of 1.09(0.55) b/sr.atom. The corresponding total KL-, KK-, and RDEC cross sections are given in Tables II and III based on Eq. (5). For co mparison, the measured total RDEC cross sections [15] and the obtained upper limits of the KK-RDEC cross sections [13, 14] for the previous experiments are given in Table III . A very good consistency between the current results and those obtained for the O 8+ + C experiment [15] was achieved, wh ich is expected for the two systems having very similar kinemat ic conditions. Alongside with the experimental data, the corresponding calculated values of KL-and KK-RDEC cross sections from the available theories [6, 7, 12, 46] are listed in Table III , which are seen to be up to four orders of magnitude smaller than the experimental values. The closest theoretical prediction of the KK-RDEC cross section to our measured value is obtained from the first approximation introduced in Ref. [12] where the electrons are assumed to be distributed homogeneously in the entire volume of the atom (measured value is underestimated by a factor of ~5). [15] . Nefiodov et al. [8] predicted that the ratio R'' is enhanced drastically for slow collisions over the range 1 10   , wh ich led to the prediction of the KL-RDEC cross section. This, along with the prediction from Ref. [7] of the KK-RDEC cross section, was used to predict an empirical formu la for R'' [8] . Thus, the theory is expected to work well in the domain 1 10   , where 0.96   for this work. The calculated values of R'' based on the only available theory [8] to predict this ratio are listed in Table IV co mpared to the RDEC experiments [15, 16] that gave results. 
V. CONCLUS IONS
In the current work, the process of RDEC was measured for collisions of bare fluorine ions with a thin carbon foil at a collision energy of 2.21 MeV/u and the results are compared with our previous work for collisions of bare oxygen ions with a similar target at a collision energy of 2.38 MeV/u. PIXE analysis for the present work showed evidence for contamination of the target with Si, S, K, and Ca elements. Here, the S Kα line, shifted due to mu ltip le ionization, overlaps with the K-REC structure, while the shifted K and Ca Kα lines cover partially the KL-RDEC structure. Contributions fro m the background mechanis ms including pileup and DREC were found to be negligible.
The measured KL-RDEC and KK-RDEC cross sections for the present work showed consistency with our first observation of RDEC fo r O 8+ ions [15] and were underestimated significantly by the various theories [6, 7, 12, 46] as listed in Table III . The measured KL-RDEC/KK-RDEC rat io (R'') was found to be consistent with the measured value in the case of the O 8+ ions [15] , and both values are in agreement with Ref. [8] as the only available theory to predict this ratio as given in Table IV. 
